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Abstract
This thesis exploits the high temporal resolution and precise dating of ice cores from
Law Dome, coastal East Antarctica, to address questions concerning climate forcings,
variability and feedbacks over a range of timescales: (i) sub-annual to decadal-scale
environmental influences on the 10Be solar activity proxy; (ii) centennial to millennial-
scale internal climate variability; and (iii) the phase relationship between Antarctic
temperature and atmospheric CO2 during the last deglaciation.
Cosmogenic 10Be is a primary ice core proxy for past solar activity. However, in-
terpretation of the 10Be record is hindered by limited understanding of the physical
processes governing its atmospheric transport and deposition to the ice sheets. The
thesis presents a suite of monthly to annually-resolved Law Dome 10Be records, which
combined span 1936–2009. The records are quantitatively assessed against observed
cosmic ray intensities, instrumental and reanalysis climate data and ECHAM5-HAM
General Circulation Model (GCM) simulations. The seasonal variability in 10Be is
characterised by an (austral) summer to autumn concentration maximum and a winter
concentration minimum. The GCM simulations, corroborated by earlier observations of
10Be:7Be ratios, link the seasonal concentration maximum to direct input of 10Be from
the Antarctic stratosphere to the lower levels of the Antarctic troposphere. On annual
timescales, Law Dome 10Be concentrations are significantly correlated to the 11-year
solar cycle modulation of cosmic ray intensity, rxy = 0.54, with 95% confidence interval
(CI) [0.31; 0.70]. A significant correlation is also observed between annual 10Be con-
centrations and the zonal wave three pattern of atmospheric circulation, rxy = −0.36,
95%CI [−0.57;−0.10]. An additional annually-resolved 10Be record, from the Das2 site
in southeast Greenland spanning 1936–2002, is analysed to facilitate inter-hemispheric
comparisons. Das2 10Be concentrations are also significantly correlated to cosmic ray
intensity, rxy = 0.45, 95%CI [0.22; 0.62] and to variability in the dominant mode of at-
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mospheric circulation in the region, the North Atlantic Oscillation, rxy = −0.42, 95%CI
[−0.64;−0.15]. The strength and spectral coherence of the solar activity signal in 10Be
is enhanced, and the climate signals are reduced, when 10Be records are combined from
both Antarctica and Greenland. This implies that solar reconstructions are likely to
be more robust when 10Be records are included from multiple sites. The amplitudes of
the 11-year solar cycles in the 10Be records are inconsistent with the view that the ice
sheets receive only 10Be produced at polar latitudes, instead supporting that they sam-
ple from a globally well-mixed atmosphere. In addition, a chemical method is developed
to remove the problematic 10Be isobar boron-10 from Accelerator Mass Spectrometer
(AMS) targets.
The last deglaciation was characterised by a ‘bipolar seesaw’ pattern of opposing hemi-
spheric climate variations on millennial timescales. Precise information on the tim-
ing and sequence of these climate variations can assist in identifying the mechanisms
involved. The timescale of the Law Dome ice core is synchronised throughout the
deglaciation (using methane ties) with four other high-resolution Antarctic and Green-
land cores. The stable water isotope signal in a composite record constructed from
the synchronised Antarctic cores is interpreted as a temperature proxy for the Antarc-
tic region. The millennial warming (and cooling) trends in the Antarctic record are
matched by opposing cold (and warm) periods in Greenland. There is little-to-no time
lag between climate transitions in Greenland and opposing changes in Antarctica. Such
rapid signal-communication between the hemispheres supports the operation of rapid
bipolar ocean and/or atmospheric teleconnections.
Two precisely dated ice core CO2 records are synchronised to the same timescale as
the Antarctic temperature proxy. These records show that the deglacial CO2 increase
lagged the Antarctic temperature increase by only 0 to 400 years. This implies a faster
feedback between temperature and CO2 than the centennial to millennial-scale lags
suggested by previous studies.
v
Acknowledgements
I am most grateful to my advisors, Dr Tas van Ommen, Dr Mark Curran, Dr Andrew
Smith and Dr Will Howard, for their support and guidance throughout my doctoral
studies. Without their hard work over many years it would not have been possible to
carry out this research. I thank Tas again for passing me the opportunity to work on
the Law Dome records from the last deglaciation. This opened a new field to me, which
it has been fascinating to begin to explore.
I would also like to thank the Antarctic Climate & Ecosystems CRC, a place where
I have made many good friends and where I’ve had great support for my research, a
fantastic place to work. Financially, I’m very grateful for the assistance that I’ve re-
ceived from an Australian Post-Graduate Award and an Australian Institute of Nuclear
Science and Engineering (AINSE) Post-Graduate Award.
Logistical support for the retrieval of ice core and snow pit records was provided by
the Australian Antarctic Division (Australian Antarctic Science Projects AAS#2384,
AAS#3064 and AAS#1172). The 10Be measurements could not have been completed
without the support of AINSE and the enthusiastic collaboration of the Isotopes in
Climate Change and Atmospheric Systems (ICCAS) project at the Australian Nuclear
Science and Technology Organisation (ANSTO).
In completing this research as a series of individual papers I have benefited greatly
from the input of many coauthors. I sincerely thank all of them for their important
contributions — Krista Simon, Dr David Child, Dr David Fink, Dr Ulla Heikkila¨, Dr
Andrew Moy, Dr Sarah Das, Dr Joe McConnell, Dr Sune Rasmussen, Dr Vin Morgan,
Dr Je´roˆme Chappellaz, Dr Valerie Masson-Delmotte, Dr Mark Delmotte, Dr Andrew
Smith, Dr Tas van Ommen and Dr Mark Curran (specific contributions are listed on
pp. x–xii).
vi
Chapter 2, was improved by insightful comments from Prof. William Webber and
two anonymous referees. I also thank the Bartol Research Institute for provision of
their McMurdo neutron record. Special thanks to Krista Simon for her help with
carefully preparing so many 10Be samples and to Dr Simon Wotherspoon for his advice
on statistics.
Chapter 3, benefited from the assistance of Charles Mifsud, Dr Vlad Levchenko and
Dr Stephan Winkler with AMS sample measurement and reprocessing and Dr Robert
Ditchburn’s suggestions on boron removal.
Chapter 4, could not have been completed without Dr Ulla Heikkila’s enthusiastic
support of my suggestion to make a new ECHAM5-HAM simulation for evaluation
against the Law Dome 10Be data. I thank Ulla also for hosting my visit to the Bjerknes
Centre in 2008 which started our collaboration and for her endurance in helping to
see the results through to publication. I’m also very grateful to Dr Andrew Klecociuk
for responding to so many queries about reanalysis data. I acknowledge the German
Computer Center (DKRZ) for donating the required computing time. I also thank Dr
Andreas Stohl for providing insightful comments that contributed to the discussion and
for generously making the FLEXPART data available.
Chapter 5, benefited from many researchers sharing their data and resources. Dr An-
drew Smith contributed the DSS core for 10Be measurement. Corridor discussions at
the XXIX SCAR 2006 Open Science Conference resulted in Dr Joe McConnell and Dr
Sarah Das generously contributing the remains of the Das2 Greenland core to the 10Be
cause. I thank the Australian Research Council Network for Earth System Science
(ARCNESS) and the ACECRC, for contributing the funds which allowed me to travel
to the Desert Research Institute (DRI) in Reno NV to sample the core. I also thank
the staff and students of the DRI ice core lab for their assistance in analysing the ice
cores. I’m grateful to Prof. Ilya Usoskin for providing me with the CRAC:10Be model
data.
Chapter 6, owes a special thanks to Dr Sune Rasmussen who generously shared his
expertise on synchronising ice core timescales – thanks also for all the laughs. Sune’s
visit to the ACE CRC and our collaboration could not have occurred without the
support of an Inge Lehmann grant. I also acknowledge the constructive reviews provided
by Prof. Ed Brook and Prof. Eric Wolff, which improved the quality of the final
manuscript.
vii
Chapter 7, was assisted by grants from the Trans-Antarctic Association and University
of Tasmania that enabled me to present the work at the XVIII INQUA conference in
Bern Switzerland and obtain feedback from international researchers. The final version
of the manuscript was written during my subsequent visit to the Neils Bohr Institute’s
Centre for Ice and Climate (CIC). I thank Sune for hosting this visit and CIC and the
North Atlantic INTIMATE group for providing financial assistance.
Throughout the thesis I have been encouraged and sometimes challenged by interactions
with some great and generous scientist: I thank, in particular, Prof. Bill Budd, Prof.
Juerg Beer, Dr Ken McCracken, Dr Dietmar Wagenbach, Prof. David Karoly and Vin
Morgan.
I have experienced some wonderful and stimulating travels during my PhD. Ice coring
in Antarctica in 2008/09, science out of tents at −20◦C, was a great experience and
bloody good fun. I thank Mark and Tas and the Australian Antarctic Division again
for the privilege. My sincere thanks also to the Australian Academy of Science and the
Council for the Lindau Nobel Laureate Meetings for inviting me to Germany in 2010
with the Australian delegation to the inspiring Lindau Meeting of Nobel Laureates.
For me, going from farm boy on the south coast of Western Australia to the world of
Earth and climate science, has been a fascinating adventure. I always wanted to be a
scientist and I thank my family for encouraging me on my journey. Finally, I thank
Laura for all her help and care these past years.
viii
Statement of co-author contributions
Chapters 2–7 of this thesis have all been prepared as manuscripts for submission to
peer-reviewed journals. Unless otherwise specified, the design and implementation of
the research, ice core dating, data interpretation, numerical analysis and manuscript
writing were the responsibility of the candidate but were carried out in consultation
with supervisors and with input from specialist contributors. These contributions are
outlined for each chapter below.
Chapter 2: Pedro, J. B, A. M. Smith, K. J. Simon, T. D. van Ommen and M. A. J.
Curran, High-resolution records of beryllium-10 in ice from Law Dome, East Antarctica:
measurement, reproducibility and principal trends, Climate of the Past, 7, 707-721,
doi:10.5194/cp-7-707-2011, 2011.
− J. B. Pedro designed the research project, led laboratory sampling and chemical
preparation of the ice samples, dated the ice cores and conducted the data in-
terpretation, numerical analysis and writing. J. B. Pedro also assisted with the
AMS 10Be measurements and fieldwork/ice core drilling. A. M. Smith led the
AMS 10Be measurements. K. J. Simon assisted with chemical preparation of the
10Be samples. T. D. van Ommen advised on sample dating. M. A. J. Curran
advised on ice core chemistry. All coauthors commented on the manuscript.
Chapter 3: Simon, K. J., J. B. Pedro, A. M. Smith, D. P. Child and D. Fink, Re-
processing of 10B-contaminated 10Be AMS targets, in review (submitted July 2011),
Nuclear Instruments & Methods in Physics Research B.
− K. J. Simon developed the chemical technique for boron removal, with assistance
from all coauthors and led the writing. J. B. Pedro led the experiments to identify
the source of boron contamination. A. M. Smith and D. Fink conducted the AMS
10Be measurements. All coauthors commented on the manuscript and contributed
to the experimental design.
Chapter 4: Pedro, J. B., U. E Heikkila¨, A. Klekociuk, A. M. Smith, T. D. van Ommen
and M. A. J. Curran, Beryllium-10 transport to Antarctica: results from seasonally-
resolved observations and modeling, Journal of Geophysical Research (Atmospheres),
116, D23120, doi:10.1029/2011JD016530, 2011.
x
− J. B. Pedro proposed the project and led the data interpretation and writing.
U. E. Heikkilla¨ conducted the ECHAM5-HAM model run and advised on its
interpretation. A. Klekociuk provided the tropopause-height data and advised on
polar meteorology. M. A. J. Curran advised on ice core chemistry. T. D. van
Ommen advised on ice core dating. All coauthors commented on the manuscript.
Chapter 5: Pedro, J. B., J. R. McConnell, T. D. van Ommen, D. Fink, M. A. J.
Curran, A. M. Smith, A. D. Moy and S. B. Das, Constraining solar activity and climate
influences on ice core 10Be records from Antarctica and Greenland during the neutron
monitor era, in review (submitted January 2012), Earth and Planetary Science Letters.
− J. B. Pedro conducted the ice core sampling, chemical preparation, numerical
analysis, data interpretation, manuscript preparation and also assisted with the
AMS 10Be measurements. S. B. Das contributed the Das2 core. J. R. McConnell
dated the Das2 core and led the measurement of non sea-salt-sulphur concentra-
tions on the Das2 and DSS cores. A. M. Smith drilled the DSS core and along
with D. Fink conducted the AMS 10Be measurements. M. A. J. Curran advised
on ice core chemistry. A. D. Moy measured the DSS and Das2 δ18O records.
K. J. Simon assisted with chemical preparation of the samples. All coauthors
commented on the manuscript.
Chapter 6: Pedro, J. B., T. D. van Ommen, S. O. Rasmussen, V. I. Morgan, J.
Chappellaz, A. D. Moy, V. Masson-Delmotte and M. Delmotte, The last deglaciation:
timing the bipolar seesaw, Climate of the Past, 7, 671–683, 10.5194/cp-7-671-2011,
2011.
− J. B. Pedro developed the idea of a Antarctic deglacial composite, led the place-
ment of records onto the Greenland Ice Core Chronology 2005 (GICC05) and con-
ducted the numerical analysis, data interpretation and writing. T. D. van Ommen
assisted with construction of the revised deglacial ice and gas chronologies for Law
Dome. S. O. Rasmussen advised on ice core timescales. J. Chappellaz and T. D.
van Ommen led the Law Dome CH4 measurements, with assistance from J. B.
Pedro in the laboratory sampling. A. D. Moy conducted new δ18O measurements
on the Law Dome core. All coauthors commented on the manuscript.
xi
Chapter 7: Pedro, J. B., S. O. Rasmussen and T. D. van Ommen, Rapid coupling of
Antarctic temperature and CO2 during deglaciation, Clim. Past Discuss., 8, 621-636,
doi:10.5194/cpd-8-621-2012, 2012.
− J. B. Pedro developed the idea of constraining the CO2/Antarctic temperature
phasing using the Antarctic deglacial composite and near-coastal CO2 records.
J. B. Pedro conducted the synchronisation of all records to GICC05 and led the
manuscript preparation. S. O. Rasmussen advised on ice core timescales refined
the lag determination technique. T. D. van Ommen gave guidance and advice at
all stages of the work. All coauthors commented on the manuscript.
xii
Contents
1 Introduction 1
1.1 Ice cores as archives of past climate variability and forcing . . . . . . . 1
1.2 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2 High-Resolution Law Dome 10Be Records: Measurement and Repro-
ducibility 9
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 33
3 Reprocessing of 10B-Contaminated 10Be AMS Targets 37
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Measurement of 10Be at ANTARES . . . . . . . . . . . . . . . . . . . . 40
3.3 Contaminated samples . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4 10Be Transport to Antarctica: Results from Seasonally-Resolved Ob-
xiv
servations and Modeling 53
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Data and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3 Observational results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.4 ECHAM5-HAM model results . . . . . . . . . . . . . . . . . . . . . . . 63
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.6 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 76
5 Solar and Climate Influences on Ice Core 10Be Records from Antarc-
tica and Greenland During the Neutron Monitor Era 79
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.4 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 107
6 The Last Deglaciation: Timing the Bipolar Seesaw 111
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
7 Rapid Coupling of Antarctic Temperature and CO2 During Deglacia-
tion 131
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
7.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
7.3 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
xv
8 Conclusions 143
8.1 Summary and main findings . . . . . . . . . . . . . . . . . . . . . . . . 143
8.2 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Appendices 153
A. Dating and reconstruction of monthly variations in accumulation rate at
DSS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
B. Supporting figures for Chapter 5 . . . . . . . . . . . . . . . . . . . . . . 157
C. Application of the GICC05 timescale to the Byrd, Siple Dome and EDML
records . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
References 163
xvi
